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Abstract


The mechanical properties of corn stalks play a crucial role in the design of packing and harvesting equipment. Complete and damaged stalks were used to simulate stalk mixtures during the collection process. This study measured the mechanical characteristics of complete stalks and damaged stalks through experiments. A discrete element method (DEM) model was established which incorporated both the skin and core tissues of the samples. The compression behavior of the stalks was analyzed with the EDEM 2022 software. The results indicate that the complete stalks exhibited both a plastic and second plastic stage, while the damaged stalks fractured immediately upon reaching peak stress. The models of the complete and damaged stalks were validated through a radial compression test. An analysis of the relative errors and particle velocities enabled the quantification of experimental accuracy, ensured the reliability of the experimental data, and revealed the dynamic behavior mechanism of the materials under mechanical loading. The simulation results show that the maximum compression force is 254.11 N and 33.1 N, with a 1.5% and 12.3% relative error compared to the experiment. The particle velocity in the core part is the largest, which is 9.83 × 104 mm/s and 3.51 × 105 mm/s. This study can provide a theoretical reference for researching the mechanical behavior and compressive failure of stalks.






Keywords:


corn stalk; DEM; mechanical property; compression test; behavior












1. Introduction


Corn, one of China’s most important crops, occupies the largest planting area in the country. Consequently, as the world’s second-largest corn producer, China also generates an enormous volume of corn stalks [1]. Stalks are a renewable resource, which are rich in nutrients and can be used as feed [2]. However, there exist issues of strong seasonality and a low utilization rate of stalks [3]. The collection, storage, and transportation of stalks are crucial components for addressing the problems of strong seasonality and low utilization rates [4]. Stalks are typically collected through compression, which can improve efficiency and reduce costs [5]. During the collection and storage processes, mixtures of complete and damaged stalks often exist. Therefore, exploring the compression comparison between complete and damaged stalks can provide guiding significance for stalk collection, storage, and transportation. In this study, damaged stalk refers to mechanical damage caused by external forces during harvesting and processing, which is mainly characterized by structural incompleteness.



The DEM is widely applied in agricultural engineering, which can analyze the contact interactions between particle and mechanical components [6,7,8]. Rigid models are generally established in the research of harvesting and reaping processes of corn and grass stalks [9,10]. However, they cannot accurately characterize the mechanical properties of materials. In order to solve this problem, a flexible model composed of rigid cylinders connected by joints was established, which can analyze the loading process of corn stalks [11,12]. However, this connection method cannot demonstrate the continuous variation of stress on stalks. Mao et al. [13] established a particle-based hollow stalk model utilizing inter-particle bonds, where bond deformation arises from particle displacement. To characterize stalk mechanics, Schramm et al. [14] derived a method for determining the local damping coefficient and bond Young’s modulus of flexible fibers, linking these properties linearly to particle oscillation frequency. Li et al. [15] further developed a breakable–flexible hollow stalk model, investigating the impact of operational and structural parameters on thrown stalk mass and cut stalk length. This model of stalks treats them as homogeneous substances, being unable to analyze the mechanical properties among different tissues within stalks and changes among internal particles. A model incorporating accurate mechanical parameters needs to be established for structural analysis of stalks. Leblicq et al. [16] combined deformation with model parameters to validate the compression of single and batch stalks based on contact parameters. Li et al. [17] investigated the mechanical properties of sorghum and corn stalks, analyzing the impact of various factors on their compressive strength. Their findings reveal that moisture content exerts a significant influence on stalk compressive strength. Song et al. [18] investigated the dynamic mechanical properties of reed corn stalks and then analyzed the effects of different positions on the compressive strength of reed corn stalks. The results indicate that the axial compressive strength of node-containing corn stalks is higher than that of node-free corn stalks. Tang et al. [19] studied the changes of porosity and pressure with stalks of different lengths under the condition of vibrating compression. Their research demonstrates that vibration eases pressure on stalks during compression. However, there is a lack of exploration of the interactions among various layers of tissues and changes in each layer of tissues. It is insufficient to accurately characterize a mechanical property model only by studying the physical properties of the materials themselves. A two-layer model of corn stalks was established, which was discretized into heterogeneous particle assemblies to characterize the mechanical properties of skin and core regions [20,21]. Currently, studies on stalks mostly treat stalks as a whole and construct overall mechanical models. Such models have limitations in investigating the internal interactions of stalks, as they can only reflect the variation patterns of the overall structure. Additionally, some scholars have established particle stacking models based on internal structures to observe force characteristics. However, their analysis of stalk-internal structures and exploration of inter-particle forces remain relatively insufficient. In this study, a double-layer model of stalks is constructed, and the variation characteristics between particles of two stalk types are analyzed with EDEM 2022 software to explore their internal correlation mechanisms.



This study established a DEM model incorporating skin–core differentiation and calibrated its parameters. The mechanical properties of stalks were determined experimentally, and model validation was performed through compression simulations. The failure processes of two types of stalks with different shapes were analyzed, and a damaged stalk model was used to represent the incomplete stalk model. Furthermore, the interaction relationships between different tissue particles were explored.




2. Materials and Methods


2.1. Physical Parameters of Corn Stalks


The test specimens consisted of damaged corn stalk and complete corn stalk segments, which were collected from the Northeast Conservation Tillage Demonstration Site located in Cuijiatun Village, Yiniubaozi Township, Shenyang City, Liaoning Province of China. The test samples were obtained in September 2024, and all tests were completed within 24 h after they were collected. The complete stalks have a length of 25 mm and a diameter of approximately 18 mm. The damaged stalks were derived from the complete ones, with a length of 25 mm and a minimum diameter of approximately 10 mm. The main difference between the complete and damaged stalks lies in their thickness, with damaged stalks highlighting structural incompleteness. These damaged stalks were used to represent other incomplete stalk models. Experimental measurements showed a 16.22% moisture content in corn stalks. Density analysis yielded a bulk density of 0.376 g/cm3, with core (0.105 g/cm3) and skin (0.584 g/cm3) components exhibiting significant density contrast. The morphological configurations of the complete corn stalks and damaged corn stalks are illustrated in Figure 1a,b.




2.2. Mechanical Properties of Corn Stalks


Mechanical properties of the stalks were analyzed using an INSTRON-5944 universal testing machine (Figure 2a), which comprises a compression fixture and pressure acquisition system (Figure 2b). This study adopted two testing methods (tensile and compression) and three loading modes (tensile, axial compression, and radial compression) to conduct the experiment. The loading modes could be achieved by replacing the fixtures, as shown in Figure 2c.



Compression and Tension Tests of Corn Stalks


The skin of the corn stalks was divided into different rectangular strip samples, in which the skin was separated from the core. The cross-sectional area (S) and length (L) of the corn stalks were measured. Complete and damaged stalks, stalk cores, and stalk skins were selected as test samples, with each type of sample divided into five groups and each group subjected to 10 independent repeated experiments. Elastic modulus was calculated using Equation (1).


  E =    F / S    D L  / L    •   10  6   



(1)







Elastic modulus E (pa) represents stalk stiffness. Under compression, F (N) denotes the applied force, S (mm2) the cross-sectional area, DL (mm) length deformation, and L (mm) the initial length.





2.3. Determination of Contact Parameters of Corn Stalks


2.3.1. Determination of the Restitution Coefficient of Corn Stalks


The drop test rig was applied for this experiment, and the coefficients of restitution for collisions were measured between damaged corn stalks and steel plates, damaged and complete corn stalks, complete corn stalks and steel plates, and complete corn stalks and corn stalk cores. Collision–rebound dynamics were recorded using a high-speed camera (Figure 3a). Test specimens comprised complete corn stalks, damaged corn stalks, steel plates, and stalk-adhesive plates (Figure 3b). The experimental setup included illumination sources, metrology instruments, and an imaging system (Figure 3c). The restitution coefficient was computed via Equation (2) [22].


   e x  =     V 1     V 0     =      2 g h       2 g H      =     h H      



(2)







The restitution coefficient (ex) characterizes corn stalk collisions, where V1 is the post-collision normal velocity (m/s), V2 is the pre-collision normal velocity (m/s), h is the maximum rebound height (m), and H is the initial drop height (m).



The restitution test of complete corn stalks impacting a steel plate was as shown in Figure 4a. When a stalk came into contact with the steel plate, elastic deformation occurred. The elastic deformation ends were converted into upward kinetic energy. It bounced up by 4.2–8.6 cm and then fell onto the steel plate. Figure 4b shows the collision recovery test between damaged corn stalks and steel plates. When the steel plates rebounded 3.1–6.4 cm, the contact interface with damaged corn stalks exhibited an inclined orientation. Figure 4c shows the collision recovery test between complete corn stalks and stalk-adhesion plates. The stalks bounced up by 5.0 cm to 7.0 cm. Figure 4d shows the collision recovery test between damaged corn stalks and the stalk-adhesion board. When the stalks were dropped onto the stalk-adhesion board at an inclined angle, they rebounded upward along the inclined direction by 2.2 cm to 4.5 cm.




2.3.2. Determination of the Static Friction Coefficient


The static friction coefficient was determined using the inclined plane method for the following interfaces: complete corn stalks versus steel plates (Figure 4e), damaged corn stalks versus steel plates (Figure 4f), complete corn stalks versus stalk-adhesive plates (Figure 4g), damaged corn stalks versus stalk-adhesive plates (Figure 4h), and core–core interfaces. All configurations were calculated using Equation (3).


   μ s  = tan θ  



(3)







The static friction coefficient of the corn stalk is denoted by µs, while θ represents its static friction angle in degrees (°).




2.3.3. Determination of the Rolling Friction Coefficient


The rolling friction coefficients for corn–stalk interfaces were determined using the inclined plane method. These included complete/damaged stalks against both steel plates and stalk-adhesive plates, along with core–core interfaces. All values were calculated using Equation (4) [23]. The experiments to determine the coefficient of kinetic friction for both complete corn stalks and damaged corn stalks are illustrated in Figure 4i–l.


  m g  S 1     sin    β =  μ r  m g ( S cos β +  L 1  )  



(4)







The rolling friction coefficient of the corn stalk is denoted by µr, while m signifies its mass (g), and g represents gravitational acceleration (9.8 m/s2). The experimental parameters include S1 (rolling distance on the inclined plane, mm), β (inclination angle, °), and L1 (rolling distance, mm).





2.4. Calculation of Bonding Parameters


In order to reflect the flexible characteristics of the corn stalk model and simulate the deformation and fracture process of corn stalks, the bonded particles were displaced along the normal and tangential directions. The deformation of corn stalks was simulated through the continuous accumulation of displacements. The principle of inter-particle bonding is shown in Figure 5a. The forces and torques acting on the particles were determined by Equations (5) and (6) [24].


   K n 1  =    A  E 1     L 2  ( N − 1 )     



(5)






   K s 1  =     K n 2    2 ( 1 + μ )     



(6)







A denotes the cross-sectional area of the parallel bond (mm2); E1 refers to the elastic modulus of the parallel bond (pa); L2 stands for the length of the parallel bond (mm);    K n 1    is the normal stiffness of the stalk (N/mm3);    K s 1    represents the shear stiffness per unit area of the parallel bond (N/mm3);    K n 2    denotes the normal stiffness per unit area of the parallel bond (N/mm3).



When the acting force exceeds the predetermined value, the bond breaks. The fracture conditions are shown in Equations (7) and (8).


    σ   m a x   <    −   F   n     A    +    2   M   t     J      R   b    



(7)






    τ   m a x   <    −   F   t     A    +      M   n     J      R   b    



(8)







    δ   m a x     and     τ   m a x     correspond to the critical normal stress and critical tangential stress, respectively.



The average normal stiffness per unit area was determined to be 1.47 × 109   N ·   m   − 3    , while the average tangential stiffness per unit area was found to be 1.39 × 109   N ·   m   − 3    . Additionally, the average critical normal stress was derived as 1.69 × 108, and the average bonding value was calculated to be 0.9.




2.5. Establishment of the Corn Stalk Model


To capture the mechanical properties of corn stalks during compression and breakage, a flexible stalk model that can simulate bending and breaking was developed. In calculating contact forces, it is necessary to choose a suitable contact model, and a bonding model is better able to represent contact characteristics [25,26].



In the simulation, a rigid boundary condition was adopted, whose material properties are consistent with those of the compression device used in physical experiments. The contact type between the boundary and particles was defined as no-slip contact. This model was employed to describe the interaction between stalk particles and steel, aiming to reflect the characteristics of stalks. The units were connected using the Hertz–Mindlin with Bonding V2 contact model [27], which mainly consists of two layers of particles. The outermost layer represents the skin. The inner layer represents the core [28]. The core of the damaged corn stalks model composed of spherical particles, whose diameter was 1 mm. The core radius was 1.2 mm, and the skin radius was 0.9 mm. The stalk length was L3 = 25 mm, as shown in Figure 5b. The complete corn stalks had a diameter of 18 mm, as shown in Figure 5c. During the operation of the actual collection device, a mixture of complete and damaged stalks was produced. The complete stalks were modeled as circular shapes, while damaged stalks adopted an elliptical structural model to simulate incomplete stalks in the mixture. The thickness of damaged stalks was set to approximately half of that of the complete stalks. Considering the integrity of the model in actual modeling, the diameter (d) was set to 10.53 mm in this study, which was used to simulate models with structural damage and incompleteness.




2.6. Calibration of Contact Parameters for Corn Stalks


2.6.1. Determination of the Actual Angle of Repose


A piling experiment was carried out using the lifting method, through which the angle of repose for a mixture of complete and damaged corn stalks was determined. This angle of repose experiment is illustrated in Figure 6a. The experiment was performed with 5 independent repetitions, and statistical analysis was conducted using the results from these five independent calculations. The standard deviation is used to indicate repeatability, while the 95% confidence interval demonstrates reliability. It should also be clarified that minor fluctuations in stalks are from natural variations in the morphology of stalk particles and do not affect the overall stability.




2.6.2. Simulation of the Angle of Repose


The angle of repose formed in the simulation test is illustrated in Figure 6b. Models of complete and damaged corn stalks were imported into EDEM 2023, with Poisson’s ratio set to 0.32. In the simulation tests, models of the cylinder and base plate with the same parameters as those in the physical tests were established. A Polygon plane was built above the cylinder as the particle factory. After multiple repeated tests, the particle generation rate was set to 5 kg/s, with a generation time of 4 s. After the particles were completely generated and the particle pile was statically stabilized, lifting was conducted at the same speed as in the physical tests, with a lifting time of 6 s. The time step was 20% of the Rayleigh time step, and the mesh size was 3 times the particle radius. The MATLAB 2022 software was utilized to process the obtained images of the angle of repose, thereby deriving the angle of repose for the simulation tests.



The tests were repeated ten times from both physical and simulation perspectives, and the error values, confidence intervals, standard deviations, and sensitivity analyses of the two groups of experimental results were compared to verify the reliability of the data from a statistical perspective.






3. Results and Discussion


3.1. Mechanical Experiment Analysis


3.1.1. Contact Parameter Measurement Results


The contact parameters of complete corn stalks used to measure the friction coefficient and coefficient of restitution are shown in Table 1. The coefficient of restitution for collisions between stalks and steel plates was the largest, ranging from 0.255 to 0.661. Friction coefficients were highest for core–core contacts, exceeding both stalk–stalk and stalk–steel interactions.



Table 2 shows the measured contact parameters of damaged corn stalks, including the friction coefficient and coefficient of restitution. The coefficient of restitution for collisions between stalks and steel plates was the largest, ranging from 0.179 to 0.422, while friction coefficients were highest in stalk–steel plate contacts.




3.1.2. Axial Compression Test


The compression results of the complete corn stalks are shown in Figure 7a. The results show that the average elastic modulus of the corn stalks is 2.35 × 108 pa. It can be concluded that there are obviously two stages during the compression process of the complete corn stalks, which are a plastic stage and a second plastic stage.



During the compression process of stalks, their plastic stage exhibits distinct phased characteristics. When entering the first plastic stage, the compressive force rises sharply within the range of 900 to 1900 N, accompanied by the occurrence of transverse tearing on the stalk epidermis. After the compressive force first rises to a peak and then drops to a minimum value, the second plastic point is reached, which marks the entry of the stalk structure into a stage of further damage. Subsequently, the second plastic stage begins, where the loading displacement reaches 8 to 14 mm, and the compressive force rebounds from 600 N to 1000 N. In this stage, the stalk epidermis is completely torn, showing a state of gradually intensified plastic deformation and structural damage under the action of external forces.



The compression process of the damaged corn stalks is shown in Figure 7b. The average elastic modulus of the damaged corn stalks is 1.68 × 107 pa. It was found that when the damaged corn stalks were compressed, there was no obvious phenomenon of the second plastic stage.



The compression force rises rapidly in the plastic stage. When the compression force reaches 950–1300 N, the skin of the damaged corn stalks shows a transverse tearing phenomenon. It is completely separated from the core. When the loading displacement reaches 7–16 mm, the compression force remains between 150–600 N, and there is no significant change in the compression force. The structure of damaged stalks is incomplete. When the compression force reaches its maximum value, the structure fails. Thus, it fails to form effective secondary support after damage.




3.1.3. Skin Tensile and Core Compression Tests


The core compression force versus displacement curve is shown in Figure 7c. The results show that the elastic modulus of the corn stalk core is 3.55 × 108 pa, and its compression curve exhibits a linear upward trend. When the loading displacement reaches 12 to 16 mm, the compression force increases from 280 to 600 N. The stalk core is compressed into a dense compacted mass. The relationship between displacement and compressive force for the damaged corn stalks is shown in Figure 7d. The results show that the elastic modulus of the skin for corn stalks is 1.41 × 107 pa, and its tensile curve exhibits a linear trend. When the tensile force reaches its maximum value of 1500 to 2000 N, fracture occurs in the stalk. Therefore, it can be concluded that a corn stalk is of linear elastic material.





3.2. Test Results of Angle of Repose


The acquired angle of repose images were processed using the MATLAB 2023a software. The image processing procedure for the angle of repose of mixed corn stalks is illustrated in Figure 8a. The slope of the fitted straight line corresponds to the tangent of the corn stalks’ angle of repose, which is presented in Figure 8b.



Comprehensive analysis of the angle of repose data from physical tests and simulation tests showed that the two sets of data exhibit high consistency and reliability (Table 3). Error analysis further verified the simulation accuracy: the average error value is only 0.54°, with the average error percentage being as low as 1.52%, and the maximum error percentage in a single test is 4.03%, indicating that the overall deviation is controlled at a small level. The RMSE is 0.64°, reflecting extremely small point-to-point deviations; R2 = 0.89 indicates a strong linear correlation between the two sets of data, and the simulation results could reliably predict the physical test results through a linear relationship. The 95% confidence interval confirms that there is no statistically significant difference between the two sets of data. The simulation tests could reproduce the angle of repose characteristics of the physical tests, providing statistical support for the validity of the simulation model.



As shown in Figure 9, a sensitivity analysis was performed on 15 groups of parameter combinations for the two types of stalks, with sensitivity coefficients calculated and classified into different levels. Overall, the sensitivity coefficients fluctuated within the range of 0.42–1.56. According to the classification criteria of “high sensitivity (S > 1)” and “medium sensitivity (0.3 ≤ S ≤ 1)”, among the 15 parameter groups, there were 5 groups of high-sensitivity parameters and 10 groups of medium-sensitivity parameters, with no low-sensitivity parameters. The high-sensitivity parameters are mainly concentrated in the restitution coefficient and static friction coefficient. Minor changes in these parameters will significantly affect the system response, so their accuracy should be prioritized in the experimental design.




3.3. Analysis of Plackett–Burman Test


The Plackett–Burman module in Design-Expert 13.0 was utilized to identify factors that significantly influence the angle of repose. In the PB test, the angle of repose was designated as the test index. Contact parameters between damaged corn stalks were labeled as X1–X6, those between damaged and complete corn stalks were labeled as X7–X12, and contact parameters between damaged corn stalks were labeled as X13–X15. Additionally, four dummy parameters were set, designated as X16–X19, as shown in Table 4.



The average value was taken as the final angle of repose of the simulation experiment. The results of the Plackett–Burman test are shown in Table 5.



ANOVA was performed with Design-Expert 13.0 to determine the impact effects of each parameter, as presented in Table 6. The findings indicate that p < 0.05 and the coefficient of determination is R2 = 0.9803, demonstrating that the model is significant and can effectively forecast the variation trends of how each factor affects the angle of repose. Figure 10 illustrates the significance of factors influencing β1, which are X12, X1, X7, X13, X8, and X6. Among these, X12 exerts a positive effect on β1, while X12, X1, X7, X13, X8, and X6 exert negative effects; notably, X12 has a highly significant impact on β1.



Based on the Plackett–Burman stacking test, three parameters with significant influence were selected through the steepest ascent test. The relative error between the simulated and experimental angles of repose was used as an evaluation indicator to ascertain the optimal range of the test parameters. The calculation of the relative error between the simulated value and the physical value is shown in Equation (9), and the test results are presented in Table 6.


  Z =       β 1  −  θ 1       θ 1     × 100 %  



(9)







Z is the relative error. β1 is the angle of repose obtained from the simulation test (°), and θ1 is the angle of repose obtained from the physical test (°).




3.4. Analysis of the Steepest Ascent Test for Contact Parameters


The steepest ascent test plan and results regarding contact parameters are presented in Table 7. As the levels of the three experimental factors increase gradually, the maximum relative error stands at 17.97%, and the minimum relative error is 3.63%.




3.5. Box–Behnken Experimental Analysis


The experimental design was conducted using Design-Expert 13.0, which composed of 17 simulation trials. The experimental design and results are shown in Table 8.



After excluding factors that do not significantly influence β1, the regression model was optimized and adjusted to obtain a revised regression model, as shown in Equation (10).


     Y 1  = 34.8 + 3.49 A + 1.58 B + 0.4837 C + 0.845 A B − 0.35 A C     − 0.4425 B C + 0.2248  A 2  − 1.45  B 2  − 0.5528  C 2     



(10)







The ANOVA results of the regression model after optimization are shown in Table 9. It can be seen that p < 0.0001, which indicates that the relationship between the various parameters of the model and the response value is extremely significant. The lack-of-fit p value is 0.4431 > 0.05, which indicates that the model fits well. The coefficient of determination (R2) is 0.9848. The adjusted coefficient of determination (R2adj) is 0.9651, which indicates that the fitted equation has a high degree of reliability.



The results of the response surface analysis are shown in Figure 11. It was found that β1 increases with an increasing X12, as shown in Figure 11a,b. It was found that β1 first increases and then decreases as X1 increases, as shown in Figure 11a. It was found that β1 increases steadily as X7 increases, as shown in Figure 11b. It was found that β1 increases significantly with an increasing X12. Considering the two response surfaces, X12 exerts a significant influence on the results, and as X12 increases, the value of β1 increases significantly. This is consistent with the significance results shown in Figure 9 and the ANOVA results shown in Table 9.



The optimization module within the Design-Expert software was used to solve the regression equation. Taking the average value of   θ  1 was regarded as the target value, and the optimal parameter combination was subsequently derived. When X12 is 0.137, X1 is 0.33, X7 is 0.266, and then β1 is 33.75°.




3.6. Simulation of Axial Compression of Corn Stalks


3.6.1. Axial Compression Simulation of Complete Corn Stalks


Figure 12a shows the force–displacement curve of the complete corn stalks. The maximum compressive force of the complete corn stalks obtained from the simulation is 1899.28 N, with a relative error of 9.28% compared to the average value from the experiments. Figure 12c shows the axial compression simulation diagram of the complete corn stalks. It was determined that horizontal cracks emerge in the upper and lower parts of the complete corn stalks, followed by the phenomenon of skin and core separation. The compressive force when the leather core separates is 1643.47 N, with a relative error of 2.1% compared to the average value from physical experiments. The DEM model for corn stalks is capable of accurately capturing the relationship between compressive force and displacement.




3.6.2. Axial Compression Simulation of Damaged Corn Stalks


Figure 12b shows the force–displacement curve of the damaged corn stalks. The maximum compressive force of the damaged corn stalks is 1345.77 N, with a relative error of 14.74% compared to the experiments. Figure 12d is an axial compression simulation diagram of the damaged corn stalks. It can be seen that the damaged corn stalks underwent lateral bending on one side, followed by central fracture. The DEM model of corn stalks can accurately reflect the relationship between compressive force and displacement. The compression curves of the two stalk types reveal that the trends of the two curves are essentially identical, with both first increasing, reaching a peak, and then decreasing. Both exhibit peaks within a similar displacement range, which reflects the consistency of their mechanical responses.





3.7. Simulation of Radial Compression of Corn Stalks


3.7.1. Radial Compression Simulation of Complete Corn Stalks


Figure 13a depicts the compression processes in both the physical experiments and simulations. The results indicate that as the compression displacement increases, longitudinal cracks first emerge, with the cracked areas located on the middle sides of the core part. Eventually, the complete corn stalks fractured. Figure 13b presents the radial compression force–displacement curves from both the simulations and physical tests for the complete corn stalks. The average maximum compressive force in the experiment is 250.36 N, while the maximum compressive force obtained from the simulation is 254.11 N, with a relative error of 1.5% compared to the experimental average, as shown in Table 10. These results demonstrate that the changing trends of the two curves are essentially consistent, and the complete corn stalk model can accurately reflect the relationship between compressive force and displacement.



Analysis of the model fitting effect shows that the root mean square error (RMSE) is 9.21 N, as shown in Table 10, indicating a small average deviation between the simulated values and measured values with high overall agreement. The coefficient of determination, R2 = 0.97, is close to 1, suggesting that the model has an excellent ability to capture the mechanical response of complete stalks. The average error percentage is 1.55%, verifying the reliability of the error description. The calculated 95% confidence interval is from −1.23% to 4.33%; this interval contains 0 and has a narrow range, indicating no systematic bias and good stability of errors.



Figure 13c shows the maximum velocity of particles. Figure 13d shows the maximum velocity of skin particles. Figure 13e shows the maximum velocity of core particles. When the compression displacement is 15.84 mm, the maximum velocity of the skin of complete corn stalks is 3.51 × 104 mm/s. The maximum velocity of the core of complete corn stalks is 9.83 × 104 mm/s.



The direction of the radial compression velocity of the skin is shown in Figure 14a. Figure 14b shows the direction of the radial compression velocity of the core. It can be seen that during the initial stage of compression, the velocity direction of the complete corn stalks is directed toward the central region. As the loading displacement increases, the velocity direction at the loaded position of the stalk shifts. The maximum velocity of the outer skin is 3.51 × 104 mm/s when the speed of the core is 9.83 × 104 mm/s. When compression starts, the velocity of stressed stalk particles increases. When the complete stalks develop cracks, the particle velocity decreases, accompanied by a phenomenon of local velocity concentration that diverges to both sides. When the complete stalks are compressed into a clump, the particle concentration causes a sharp increase in particle velocity.



The maximum displacement curve of skin particles during the compression of the complete corn stalks is shown in Figure 15a. It can be seen that at a compression displacement of 15.85 mm, the maximum displacement of the skin particles is 1.96 mm. It can be seen that the maximum displacement of the core particles is 2.43 mm with a compression displacement of 15.94 mm.



Figure 15b illustrates the changes in the number of bonds among the core particles during the radial compression of the complete corn stalks. For the behavior of crack occurrence, key time points were selected to measure crack lengths and calculate areas, which were synchronously verified with the diagrams of particle number changes. It can be observed that as the compression displacement increases, the number of bonds decreases slightly before point E. Crack initiation occurs at point E, where the number of bonds is 1072. The crack propagation stage spans from point E to point F, during which the number of bonds drops from 1072 to 940. After point F, the stalk is fully crushed, and the number of bonds reaches a minimum of 928.



Figure 15c shows the variation in bonds between core and skin particles. When the compression displacement is 5.5 mm, the number of bonds among the core particles decreases by 105, while the number of bonds among the core and skin particles decreases by 60. At this point, cracks form in the core, and partial separation occurs among the core and skin tissues. When the compression displacement reaches 8.28 mm, cracks in the skin are observed, as shown in Figure 15d.



Figure 16 shows the normal force distribution of the skin and core during the radial compression of the complete corn stalks. The stalk fracturing process is divided into four stages: i, j, k, and l. The interval from 0 to 5.24 mm is defined as the vertical fracturing stage (stage i), where the normal force ranges from 0 to 14.88 N, with the maximum normal force in this stage found in the third-layer area of the core. The interval from 5.24 to 8.12 mm is classified as the upper- and lower-part fracturing stage (stage j), with normal forces ranging from 14.88 to 25.96 N; here, the maximum normal force is situated in the area connecting the two transverse fracturing regions. The interval from 8.12 to 9.86 mm is referred to as the skin–core separation stage (stage k), where normal forces range from 25.96 to 30.44 N, and the maximum normal force is located in the area connecting the core and skin. The interval from 9.86 to 16 mm is identified as the complete fracturing stage (stage l), with normal forces ranging from 30.44 to 39.27 N, and the maximum normal force in this stage is found at the center of the stalk. When the compression displacement reaches 14.54 mm, the maximum normal force in stage i is 44.8 N.



When the compression displacement of the skin is 0.64 mm, the normal force among the skins peaks at 42.69 N, as illustrated in Figure 17a. The normal force among the cores reaches a maximum of 53.39 N at a compression displacement of 15.96 mm, which is shown in Figure 17b.



Figure 18a illustrates the equivalent stress of skin particles in the complete corn stalks. It can be observed that when a crack forms at the middle position, the maximum equivalent stress of the skin is 9.74 × 106 pa, with this maximum stress located in the contact area between the corn stalks and the compression plate. When cracks form on the left and right sides of the stalk, the maximum equivalent stress of the skin reaches 1.18 × 107 pa, and the maximum stress in the skin is situated in the region where it connects to the crack core particles. When cracks form at the edges on both sides, the maximum equivalent stress of the skin is 1.63 × 107 pa.



Figure 18b shows the equivalent stress of core particles in the complete corn stalks. It can be observed that when a crack forms at the middle position, the maximum equivalent stress of the core is 9.24 × 106 pa, with this maximum stress located in the connection region among the skin and the core (the parts of the stalk between the skin and the core). When cracks appear on the left and right sides of the stalk, the maximum equivalent stress of the core reaches 1.13 × 107 pa. When cracks form at the edges on both sides, the maximum equivalent stress of the core is 1.55 × 107 pa, with the maximum stress concentrated in the middle area around the cracks.




3.7.2. Radial Compression Simulation of Damaged Corn Stalks


Figure 19a depicts the compression processes in both the physical experiments and simulations. The results indicate that as the compression displacement increases, longitudinal cracks first emerge, with the cracked areas located on the middle sides of the core part. Eventually, separation among the core and skin occurs. Additionally, a crack forms on the left side of the stalk, which is then compressed into a flattened shape. Figure 19b presents the radial compression force–displacement curves from both the simulations and physical tests for the damaged corn stalks. The average maximum compressive force in the experiment is 37.18 N, while the maximum compressive force obtained from the simulation is 33.1 N, with a relative error of 12.3% compared to the experimental average. These results show that the changing trends of the two curves are essentially consistent, and the damaged corn stalk model can accurately reflect the relationship between compressive force and displacement.



The RMSE is 4.92 N with small absolute deviation, indicating good overall agreement between the simulated values and measured values in Table 11. The coefficient of determination (R2 = 0.84) shows that the model can explain 84% of the variation in measured force, and despite individual errors, it still maintains a relatively high coefficient of determination. The average error percentage is −10.36%. The 95% confidence interval is from −16.23% to −4.49%. Since its force bearing differs from that of the complete stalks, it exhibits higher strain variability under mechanical response.



Figure 19c shows the maximum velocity of the particles. The maximum velocity of the skin particles is as in Figure 19d, and the maximum velocity of the core particles is as in Figure 19e. At a compression displacement of 9.76 mm, the maximum velocity of the skin of the damaged corn stalks is 1.42 × 105 mm/s. The maximum velocity of the core of the damaged corn stalks is 3.51 × 105 mm/s.



Figure 20a shows the direction of radial compression velocity of the skin. Figure 20b shows the direction of the radial compression velocity of the core. It can be seen that during the initial stage of compression, the velocity direction of the damaged corn stalks is directed toward the central region. As the loading displacement increases, the velocity direction at the loaded position of the stalk shifts. The maximum velocity of the skin is 1.42 × 105 mm/s when the speed of the core is 3.51 × 105 mm/s. The particle velocity of the damaged stalks increases as compression proceeds, with a relatively uniform velocity distribution. When separation of the rind and core occurs in the damaged stalks, the particle velocity rises sharply, and velocity concentration zones emerge. When the damaged stalks are compressed into a flat shape, the velocity of the stressed particles reaches its maximum.



The maximum displacement curve of the skin particles during the compression of the damaged corn stalks is shown in Figure 21a. It can be seen that at a compression displacement of 9.98 mm, the maximum displacement of the skin particles is 10.2 mm. The maximum displacement of core particles is 10.76 mm.



Figure 21b shows the variation in the number of bonds among core particles during the radial compression of damaged corn stalks. As the compression displacement increases, the number of bonds decreases slightly before point E1. Cracks initiate at point E1, where the number of bonds is 512. The crack propagation stage spans from point E1 to F1, during which the number of bonds decreases from 512 to 178. A greater reduction in the number of bonds corresponds to a higher degree of corn stalk fracturing. After point F1, the stalk is completely fractured, with the number of bonds reduced to 162.



Figure 21c illustrates the variation in bonds among the core and skin particles in the damaged corn stalks. When the compression displacement is 4.19 mm, the number of bonds among the core particles decreases by 166, the number of bonds among the core and skin particles decreases by 110, and the number of bonds among the skin particles decreases by 86. This indicates that not only do cracks form in the core, but partial separation also occurs among the core and skin tissues, as shown in Figure 21d.



Figure 22 shows the normal force distribution of the skin and core during the radial compression of the damaged corn stalks. The stalk fracturing process is divided into four stages: i1, j1, k1, and l1. The interval from 0 to 3.64 mm is defined as the force-bearing stage (stage i1), where the normal force ranges from 0 to 5.07 N, with the maximum normal force in this stage located in the middle part of the skin. The interval from 3.64 to 5.05 mm is classified as the lateral fracturing stage (stage j1), with normal forces ranging from 5.07 to 5.1 N; here, the maximum normal force is situated in the middle area of the core. The interval from 5.05 to 7.34 mm is referred to as the core detachment stage (stage k1), where normal forces range from 5.1 to 14.72 N, and the maximum normal force is located in the area of the middle-bent core. The interval from 7.34 to 10 mm is identified as the complete fracturing stage (stage l1), with normal forces ranging from 14.72 to 3.85 N, and the maximum normal force in this stage is found in the remaining area of the core. When the compression displacement reaches 6.46 mm, the maximum normal force in this stage k1 is 14.72 N.



Figure 23a shows the maximum normal force of the skin in the damaged corn stalks. It can be seen that when the compression displacement of the skin is 2.89 mm., the maximum normal force between the skins reaches a value of 79.65 N. When the compression displacement is 6.67 mm, the maximum normal force between the cores reaches a value of 13.57 N. This is shown in Figure 23b.



Figure 24a shows the maximum equivalent stress of the core particles in the damaged corn stalks. When a crack forms at the center of the stalk, the maximum equivalent stress of the core is 2.1 × 106 pa, with the maximum stress located at the middle position. When a crack appears on the right side of the stalk, the maximum equivalent stress is 2.04 × 106 pa, and the maximum stress is still located at the middle position of the stalk. When a crack forms at the left edge, the maximum equivalent stress of the core is 1.73 × 106 pa, with the maximum stress located at the middle position.



Figure 24b shows the equivalent stress of the core particles of the damaged corn stalks. It can be seen that when a crack is generated at the middle position, the maximum equivalent stress of the core is 2.49 × 106 pa. The maximum stress is located at the lower parts of the stalk in between the skin and the core. When cracks appear on the right side of the stalk, the maximum equivalent stress of the core is 3.25 × 106 pa. The maximum stress is in the middle area around the cracks. When cracks are generated at the edges on the left side, the maximum equivalent stress of the core is 1.65 × 106 pa. The maximum stress is in the middle area around the cracks. The region of maximum equivalent stress in the skin is located around the crack areas, which is attributed to particle compression caused by stress concentration.



There are significant differences in the stress values and stress concentration patterns between the complete and damaged maize stalks. The stress in the epidermis and core of complete stalks is 3 to 5 times that of the damaged ones. This is because complete stalks have a compact internal structure, enabling them to effectively transmit loads. In contrast, damaged stalks have an incomplete structure and fail to form effective support under high stress conditions. This is due to the fact that the incompleteness of damaged stalks leads to the formation of cracks, which disrupts the connection between the epidermis and the core. Consequently, the stress concentration at the core particles is dispersed, with their stress values dropping abruptly, while the epidermal particles are confined to the area around the cracks and passively bear the load.






4. Conclusions


The mechanical property parameters of complete corn stalks and damaged corn stalks were obtained through experiments. A DEM model of flexible complete corn stalks and damaged corn stalks that includes skin and core tissues was established.



The complete and damaged stalk models were validated by means of compression. The results indicate that the complete stalks exhibited both a plastic and second plastic stage, while the damaged stalks fractured immediately upon reaching peak stress without showing a second plastic stage during axial compression.



The movement of tissue particles in the complete and damaged stalks during radial compression was analyzed. An analysis of force–displacement relationships for the complete and damaged stalks revealed that the results from the physical tests are in good agreement with those from the simulation tests, indicating that the model can accurately characterize the mechanical properties of both types of stalks.



By focusing on the compressive mechanical properties of stalks and the verification of simulation models, this study does not include gradient classification and a systematic exploration of the moisture content of the two types of stalks. Subsequent studies need to establish a multi-gradient moisture content experimental system and need to carry out full-cycle compression tests relying on an experimental platform that simulates actual production conditions.
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Figure 1. Surface corn stalks. 
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Figure 2. Universal testing machine and loading methods. 
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Figure 3. Determination of restitution coefficients. 
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Figure 4. Determination of contact parameters for damaged and complete corn stalks. 
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Figure 5. Modeling and bonding principles of damaged and complete corn stalks. 
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Figure 6. Comparison of actual and simulated angles of repose. 
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Figure 7. A curve diagram of compression and tensile force versus displacement. 
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Figure 8. A processing diagram of the results of the angle of repose test. 
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Figure 9. Sensitivity analysis of angle repose. 
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Figure 10. Pareto chart of parameters on β1. 
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Figure 11. Response surface analysis results. 
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Figure 12. Axial compression simulation results of complete and damaged corn stalks. 
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Figure 13. Radial compression results of complete stalks. 
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Figure 14. Particle velocity direction of complete stalks under radial compression.. 
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Figure 15. Complete stalk particle changes during radial compression. 
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Figure 16. Radial compression normal force distribution of complete stalk particles. 






Figure 16. Radial compression normal force distribution of complete stalk particles.



[image: Agriculture 15 01824 g016]







[image: Agriculture 15 01824 g017] 





Figure 17. Radial compression normal force of complete stalk. 
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Figure 18. Radial compression Maximum equivalent stress distribution of complete stalk. 
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Figure 19. Radial compression results of damaged stalks. 
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Figure 20. Particle velocity direction of damaged stalks under radial compression. 
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Figure 21. Damaged stalk particle changes during radial compression. 
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Figure 22. Radial compression normal force distribution of damaged stalk particles. 
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Figure 23. Radial compression normal force of damaged stalk. 
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Figure 24. Radial compression maximum equivalent stress distribution of damaged stalk. 
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Table 1. Measured contact parameters of complete corn stalks.
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Parameter

	
Interaction Type

	
Value






	
Coefficient of restitution

	
Stalk–steel

	
0.255–0.661




	
Stalk–stalk

	
0.174–0.572




	
Core–core

	
0.096–0.335




	
Coefficient of static friction

	
Stalk–steel

	
0.074–0.24




	
Stalk–stalk

	
0.049–0.156




	
Core–core

	
0.185–0.476




	
Coefficient of rolling friction

	
Stalk–steel

	
0.059–0.233




	
Stalk–stalk

	
0.025–0.089




	
Core–core

	
0.129–0.304











 





Table 2. Measured contact parameters of damaged corn stalks.
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Parameter

	
Interaction Type

	
Value






	
Coefficient of restitution

	
Stalk–steel

	
0.179–0.422




	
Stalk–stalk

	
0.114–0.376




	
Coefficient of static friction

	
Stalk–steel

	
0.124–0.412




	
Stalk–stalk

	
0.085–0.377




	
Coefficient of rolling friction

	
Stalk–steel

	
0.092–0.215




	
Stalk–stalk

	
0.068–0.251











 





Table 3. Results and analysis of angle of repose measurements.
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	Number
	Simulation Test Value (N)
	Simulation Test Value (N)
	Error (N)
	Error Percentage (%)
	95% Confidence Interval
	RMSE (N)
	R2





	1
	35.44
	35.31
	0.13
	0.37
	[−1.79, 2.25]
	0.64°
	0.89



	2
	35.73
	36.44
	0.71
	1.99
	
	
	



	3
	34.66
	33.59
	1.07
	3.09
	
	
	



	4
	30.81
	31.28
	0.47
	1.53
	
	
	



	5
	31.2
	30.89
	0.31
	0.99
	
	
	



	6
	36.26
	35.77
	0.49
	1.35
	
	
	



	7
	33.89
	34.26
	0.37
	1.09
	
	
	



	8
	33.21
	32.9
	0.31
	0.93
	
	
	



	9
	31.03
	29.78
	1.25
	4.03
	
	
	



	10
	32.25
	31.97
	0.28
	0.87
	
	
	










 





Table 4. Parameter list of Plackett–Burman test.






Table 4. Parameter list of Plackett–Burman test.





	
Symbol

	
Parameter (s)

	
Level (s)




	
−1

	
+1






	
X1

	
Coefficient of restitution for collision between complete corn stalks

	
0.17

	
0.57




	
X2

	
Coefficient of static friction between complete corn stalks

	
0.05

	
0.15




	
X3

	
Coefficient of rolling friction between complete corn stalks

	
0.02

	
0.08




	
X4

	
Coefficient of restitution for collision between complete corn stalks and steel plates

	
0.25

	
0.66




	
X5

	
Coefficient of static friction between complete corn stalks and steel plates

	
0.02

	
0.24




	
X6

	
Coefficient of rolling friction between complete corn stalks and steel plates

	
0.06

	
0.23




	
X7

	
Coefficient of restitution for collision between damaged corn stalks and complete corn stalks

	
0.17

	
0.39




	
X8

	
Coefficient of static friction between damaged corn stalks and complete corn stalks

	
0.08

	
0.37




	
X9

	
Coefficient of rolling friction between damaged corn stalks and complete corn stalks

	
0.07

	
0.25




	
X10

	
Coefficient of restitution for collision between damaged corn stalks and steel plates

	
0.18

	
0.42




	
X11

	
Coefficient of static friction between damaged corn stalks and steel plates

	
0.12

	
0.41




	
X12

	
Coefficient of rolling friction between damaged corn stalks and steel plates

	
0.1

	
0.21




	
X13

	
Coefficient of restitution for collision between damaged corn stalks

	
0.1

	
0.33




	
X14

	
Coefficient of static friction between damaged corn stalks

	
0.18

	
0.47




	
X15

	
Coefficient of rolling friction between damaged corn stalks

	
0.12

	
0.3




	
X16–X19

	
Virtual parameters

	
——

	
——











 





Table 5. Results of the Plackett–Burman test.
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	Number
	X1
	X2
	X3
	X4
	X5
	X6
	X7
	X8
	X9
	X10
	X11
	X12
	X13
	X14
	X15
	X16
	X17
	X18
	X19
	Angle of Repose β1/(°)





	1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	29.21



	2
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	25.22



	3
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	32.25



	4
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	27.44



	5
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	42.99



	6
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	35.28



	7
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	34.44



	8
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	32.9



	9
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	26.26



	10
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	33.59



	11
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	−1
	36.77



	12
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	1
	40.77



	13
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	1
	29.38



	14
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	1
	39.55



	15
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	1
	33.02



	16
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	−1
	25.31



	17
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	−1
	33.47



	18
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	1
	32.97



	19
	1
	−1
	−1
	1
	1
	1
	1
	−1
	1
	−1
	1
	−1
	−1
	−1
	−1
	1
	1
	−1
	1
	25.89



	20
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	−1
	39.78










 





Table 6. Significance analysis of parameters in Plackett–Burman test.






Table 6. Significance analysis of parameters in Plackett–Burman test.





	Parameter
	Sum of Squares
	F Value
	p Value





	Model
	534.33
	13.26
	0.0114



	X12
	167.45
	62.32
	0.0014



	X1
	107.32
	39.94
	0.0032



	X7
	76.95
	28.64
	0.0059



	X13
	66.43
	24.72
	0.0076



	X8
	65.85
	24.51
	0.0078



	X6
	32.08
	11.94
	0.0259










 





Table 7. Design and results of the steepest ascent experiment for contact parameters.






Table 7. Design and results of the steepest ascent experiment for contact parameters.





	Test Number
	X12
	X1
	X7
	Angle of Repose β1/°
	Relative Error Z/%





	1
	0.1
	0.17
	0.17
	29.16
	11.02



	2
	0.12
	0.3
	0.25
	30.38
	7.29



	3
	0.155
	0.37
	0.28
	33.96
	3.63



	4
	0.18
	0.5
	0.35
	36.24
	10.59



	5
	0.21
	0.57
	0.39
	38.66
	17.97










 





Table 8. Box–Behnken experimental design and results.






Table 8. Box–Behnken experimental design and results.





	Number
	X12
	X1
	X7
	Angle of Repose β1/°





	1
	0.12
	0.335
	0.28
	30.96



	2
	0.12
	0.335
	0.25
	29.58



	3
	0.1375
	0.335
	0.265
	34.11



	4
	0.1375
	0.335
	0.265
	33.76



	5
	0.155
	0.335
	0.28
	37.22



	6
	0.1375
	0.335
	0.265
	33.76



	7
	0.12
	0.3
	0.265
	28.94



	8
	0.1375
	0.3
	0.25
	29.12



	9
	0.1375
	0.335
	0.265
	33.77



	10
	0.155
	0.335
	0.25
	37.24



	11
	0.1375
	0.37
	0.28
	34.15



	12
	0.1375
	0.37
	0.25
	33.78



	13
	0.12
	0.37
	0.265
	29.78



	14
	0.155
	0.3
	0.265
	34.24



	15
	0.1375
	0.335
	0.265
	34.99



	16
	0.1375
	0.3
	0.28
	31.26



	17
	0.155
	0.37
	0.265
	38.46










 





Table 9. ANOVA results of the Box–Behnken test after optimization.






Table 9. ANOVA results of the Box–Behnken test after optimization.













	Source
	Sum of Squares
	Degrees of Freedom
	Mean Square
	F Value
	p Value





	Model
	133.73
	9
	14.86
	50.23
	<0.0001 **



	X12
	97.3
	1
	97.3
	328.93
	<0.0001 **



	X1
	19.88
	1
	19.88
	67.19
	<0.0001 **



	X7
	1.87
	1
	1.87
	6.33
	0.0401 *



	X12 × 1
	2.86
	1
	2.86
	9.66
	0.0171 *



	AC
	0.49
	1
	0.49
	1.66
	0.239



	X1X7
	0.7832
	1
	0.7832
	2.65
	0.1477



	X122
	0.2127
	1
	0.2127
	0.719
	0.4245



	X12
	8.83
	1
	8.83
	29.83
	0.0009 **



	X72
	1.29
	1
	1.29
	4.35
	0.0755



	Residual
	2.07
	7
	0.2958
	
	



	Lack of Fit
	0.9408
	3
	0.3136
	1.11
	0.4431



	Error
	1.13
	4
	0.2825
	
	



	Total
	135.8
	16
	
	
	







Note: * indicates that the term is significant, p < 0.05; ** indicates that the term is highly significant, p < 0.01.













 





Table 10. Results of tests for radial compression of complete stalks.






Table 10. Results of tests for radial compression of complete stalks.















	Number
	Simulation Test Value (N)
	Simulation Test Value (N)
	Error (N)
	Error Percentage (%)
	95% Confidence Interval
	RMSE (N)
	R2





	1
	248.14
	262.48
	14.34
	5.78
	[−1.23, 4.33]
	9.21
	0.97



	2
	252.21
	266.47
	14.26
	5.65
	
	
	



	3
	240.58
	252.58
	12
	4.99
	
	
	



	4
	244.66
	244.36
	−0.3
	−0.12
	
	
	



	5
	260.59
	255.26
	−5.33
	−2.05
	
	
	



	6
	255.74
	266.7
	10.96
	4.29
	
	
	



	7
	240.41
	249.44
	9.03
	3.76
	
	
	



	8
	252.68
	242.28
	−10.4
	−4.12
	
	
	



	9
	255.64
	256.36
	0.72
	0.28
	
	
	



	10
	252.88
	245.19
	−7.69
	−3.04
	
	
	










 





Table 11. Results of tests for radial compression of damaged stalks.






Table 11. Results of tests for radial compression of damaged stalks.















	Number
	Simulation Test Value (N)
	Simulation Test Value (N)
	Error (N)
	Error Percentage (%)
	95% Confidence Interval
	RMSE (N)
	R2





	1
	35.21
	32.63
	−2.58
	−7.33
	[−16.23, −4.49]
	4.92
	0.84



	2
	38.81
	34.41
	−4.4
	−11.34
	
	
	



	3
	37.68
	32.14
	−5.54
	−14.69
	
	
	



	4
	35.37
	32.72
	−2.65
	−7.49
	
	
	



	5
	34.24
	34.41
	0.17
	0.5
	
	
	



	6
	37.1
	31.57
	−5.54
	−14.93
	
	
	



	7
	39.35
	31.62
	−7.73
	−19.64
	
	
	



	8
	38.26
	33.96
	−4.3
	−11.24
	
	
	



	9
	39.39
	33.61
	−5.78
	−14.67
	
	
	



	10
	36.36
	33.59
	−2.77
	−7.62
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